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INTRODUCTION

High-resolution inner-shell photoel ectron spectra of molecules reveal a number of features that relate
to the chemistry of the molecule and to the chemical physics and dynamics of the ionization process.
Among these are chemical shifts of the ionization energy due to the local environment of the core-
ionized atom, vibrational excitation that occurs during ionization, line broadening that results from
thefinite lifetime of the core-ionized state, distortion of the line shape that results from interaction
of the outgoing photoel ectron with the Auger electron (emitted in the deexcitation of the core hole),
localization-delocalization effects that can occur in molecules with equivalent atoms (such as
HCCH), and, for ionization of levels with |>0, molecular-field splitting, which removes the degener-
acy of levels such as 2p,, that are degenerate in the spherical case.

During 1999 our efforts were focused on analyzing the inner-shell molecul ar photoel ectron spectra
taken during our runs in 1998 and 1997. Results on CH, (discussed in our 1998 report), which
illustrate the effects of lifetime and interaction with the Auger éectron on the line shape as well as
the vibrational structure, were published during 1999. [1] Work on the carbon 1s photoel ectron
spectrum of CO,, discussed below, shows that the lifetime of the carbon 1s holein this moleculeis
significantly shorter than expected from simple models, while that on the phosphorous 2p photoe-
lectron spectrum of PF,, also discussed below, shows the importance (and difficulty) of understand-
ing the effect of molecular-field splitting on the spectrum. Both spectra show the effect of vibrational
excitation and provide information on the changes in molecular geometry that accompany core-
ionization.

CARBON 1sCORE-HOLE LIFETIME IN CO, [2]

Anionwith amissing core electron isin a highly excited state and decays rapidly via Auger decay.
For a carbon 1s hole, thisinvolves valence electrons, one to fill the core hole and one that is gected,
carrying away the excess energy. The rate for this process depends on the density of valence elec-
trons at the atom with the core hole and is expected to depend critically on factors that affect this
density. Specifically, it is predicted that the lifetime for deexcitation of a core holein CH, will be
less than that in CO,, since the electronegative oxygen withdraws electron density from the carbon
atom in CQ,. [3,4] The lifetimes, T, are reflected in the linewidths, I, of the spectral lines by the
relationship I' 7 = 7 ; for carbon 1s, typical lifetimes are around 5 fs, corresponding to linewidths of
about 100 meV. For CH,, the linewidth is predicted to be 96 meV [3], and thisisin good agreement
with our previously reported value of 95 meV. [1] For CO, the linewidth is predicted to be 66 meV,
in keeping with the idea that valence electrons are withdrawn from the core-ionized carbon by the
electronegative oxygen. The measured linewidth is, however, 99 meV, considerably greater than



predicted and essentially indistinguishable from that found for CH,.

The theoretical calculations are based on a one-center model, which assumes that only those elec-
trons that are localized on the atom with the core hole can participate in Auger deexcitation of the
core hole. Thismodel has been the basis for most theoretical caculations of molecular Auger decay.
Our results suggest, however, that the valence electrons on the oxygen atoms may play arolein the
Auger decay of the carbon 1s core hole in CO,, and, hence, that a multicenter model may be neces-
sary to describe the Auger process.

MOLECULAR-FIELD SPLITTING AND VIBRATIONAL STRUCTURE IN THE
PHOSPHORUS 2p PHOTOELECTRON SPECTRUM OF PF, [5]

In simplest approximation, the three 2p
orbitals of an atom are degenerate. If
spin-orbit coupling isimportant, then this
degeneracy isremoved, and we have 2p,,
and 2p,, orbitals for a spherical atom. In
a molecular environment it is possible
that the molecular field further splits the
degeneracy of the 2p,, orbita into two
components  corresponding  approxi-
mately to +1/2 and +3/2 projections of 1000
the angular momentum on the molecular
symmetry axis. In addition, for a mole-
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spectrum of PF,, illustrated in Fig. 1. In

thisfigure, the points show the experimental data and the solid line through the points shows aleast-
squaresfit to the data. The unshaded structure to the right shows the fit to the vibrational structure
of the 2p,,, group. The two shaded structures, which areidentical in shape to the 2p,, structure show
thefitsto the 2ps, 112 and 2psp, 132 groups. The adjustable parametersin the fit are the positions
of the peaksin the 2p,, group, the spin-orbit splitting between the 2p,,, group and the centroid of the
2p,, group (881 meV), and the molecular-field splitting between the two components of the 2p,,
groups (146 meV).

The pronounced vibrational structure seen in the phosphorus 2p core-ionization of PF, indicates that
there is a significant bond-length change accompanying ionization. From the measured Franck-
Condon factors together with amodel that includes the measured anharmonicity, we can infer that
the PF bond contracts by 6.0 pm. A smple theoretical model based on the equiva ent-cores approxi-
mation, which has proven successful for the analysis of vibrational structure in the core ionization



of carbon 1s electronsin hydrocarbons [6], predicts a bond contraction of only 4.2 pm, and, there-
fore, predictstoo little vibrational excitation. Modifying this model with a different basis set pro-
duces excdllent agreement with experiment, but, at this stage, it isimpossible to say whether or not
this will be a generally useful approach for understanding the vibrational structure seen in the 2p
ionization of second-row atoms. An ab initio hole-state cal culation that has worked quite well for
methane [1] gives a predicted bond-length change that is close to the experimental value, but low
by 0.8 pm.

The molecular-field splitting of the 2p,, line in the spectrum, 146 meV, is significant. A smple
point-charge, crystal field, model, which would predict a very small splitting, is not adequate to
describe this phenomenon. It is necessary to consider the effect of the polarization of the valence
electrons because of bonding, and, more important, it is necessary to take account of core-valence
corrdation in understanding this splitting. [ 7] When these effects are included, we obtain a predicted
value for the molecular-field splitting of 136 meV, in good agreement with the experimental value.
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